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Abstract: We present a novel optical device developed for the monitoring of dynamic behavior
in extended 3D-tissue models in various culture environments based on variations in their
speckle patterns. The results presented point out the benefit of the technology in terms of
detection, accuracy, sensitivity and a reasonable read-out speed as well as reproducibility for
the measurements and monitoring of cardiac contractions. We show that the optical read-out
technology is suitable for long time monitoring and for drug screening. The method is discussed
and compared to other techniques, in particular calcium imaging. The device is flexible and
easily adaptable to 2D and 3D-tissue model screenings using different culture environments. The
technology can be parallelized for automated read-out of different multi-well-plate formats.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Various important fields of work in modern pharmacy and biotechnology use unbiased mass
tests of compounds on biological model systems in order to find candidates with favored effects.
This so-called screening is a widely applied strategy in drug discovery, toxicology, medical
material science and many more areas of life science, where it is difficult to predict promising
candidate compounds for specific applications due to a lack of biological understanding or due
to the considerable level of bio-system complexity. A typical screening assay consists of a
standard procedure, a simplified model of the target organism (or target organ) and an appropriate
read-out technology. In order to facilitate mass screenings predominantly two dimensional cell
cultures on flat substrates (i.e. monolayers of cells in petri dishes, well plates, lab-on-chips) or
suspended single cells are used as models, since such samples are easy to process and analyze
[1,2]. Automation of the respective handling and read-out routines is straightforward. However,
since most biological processes are not confined to single cells, but have considerable interplay
to higher levels of organization, such as tissue, organs, organisms and even populations, cultures
of isolated cells are vastly oversimplified models in the majority of cases. This will result in poor
correlation of screening results with real-life scenarios [3]. For this reason a paradigm shift is
going on in biomedical screening towards the application of higher organized, three dimensional
tissue models that reflect native tissue architecture and thus functionality. These models may
consist of one or various cell types, if applicable extracellular scaffolds or substrates. Due to
the potential of induced pluripotent stem cells tissue models may be prepared disease- and even
patient-specific [4]. Such models often require non-conventional, three dimensional culture
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environments [5]. A prominent cultivation technique to receive homogeneously sized single- or
multicellular aggregates that match physiological appearances is the hanging drop, where cells
aggregate in small volumes to 3D constructs due to gravity and the absence of solid interfaces
[6,7].

The added value of such sophisticated tissue and organ models is however accompanied by
a lack of appropriate read-out technologies. Methods based on absorbance and fluorescence
microscopy such as calcium indicators or voltage-sensitive dyes, calcium imaging, surface
plasmon resonance reader, patch-clamp technique, multi-electrode arrays (MEAs) and even
modern imaging readers [8,9] are not suited as read-out for complex, extended 3D-specimens, in
particular using non-conventional culture environments. Cardiac dynamic of 2D-cell cultures
were studied using holographic microscopy, revealing its vertical compound. Despite the ability
of holography to reveal 3D dynamic, this technology is neither applicable to real 3D tissue with
multiple cell layers nor simple enough for parallelization [10-12].

In the extensive field of cardio-vascular drug discovery and drug toxicology as well as embryo
toxicity testing usually the collective contractions of cohesive cardiomyocyte cells is recorded as
read-out measure [13]. The collective motion formed here is a typical example of biological
organization beyond singe cell level. Hence, there is a need for monitoring cardiomyocyte
contractions in 3D that has not been covered so far. For 2D-screenings in this field, impedance
read-outs by means of MEAs are the state of the art [14—17]. However, as a contact method, it
cannot be applied to freely floating 3D cardiac tissue models. Such spatially extended specimens
are at present analyzed by visual inspections at the lab microscope. Attempts to automate
the read-out using imaging plate readers ended disenchanting due to the size (~ 0.2-1 mm),
non-uniformity and diffusivity of the specimens. Furthermore, dynamics detection requires the
acquisition of many image series with very large data set, which would have to be analyzed by
complex but robust image analysis routines [18-20]. Overall, there is currently no feasible read-
out technology for high-throughput screening of 3D-tissue model dynamics as cardiomyocyte
contractions. Against this background, we searched for a sensing technology tailored to the
requirements of screenings of dynamic processes within spatially extended specimens. It has
to be highly sensitive with respect to the dynamic process, fast enough for high throughput
screenings, robust against interferences and minor dislocations of the sample and applicable to
various culture environments. Furthermore, it should yield a simple but sophisticated measure of
dynamics instead of large data sets from which the dynamics measures have to be extracted by
complex analysis. The ultimate goal would be the 96-well-plate parallelization of the technology.
To this end, a channel-to-channel pitch of no more than 9 mm distance is required. After assessing
a couple of different measuring principles, it turned out that optical diffraction methods met the
requirements best. From an instrumental view, our setup resembles a device that was established
for microorganism motility studies in 1996 [21]. The method herein quantifies the number of
organisms passing the well-confined probing volume per time (focal area times cuvette length) as
well as their dwell times within by noise frequency spectroscopy. Unlike the technology presented
in this paper, our device illuminates an applicable extent of a solid specimen - preferably all of it -
in order to reveal dynamics hidden at specific sites of it instead of illuminating a preferably small
volume of a large sample containing independently moving objects. Furthermore, we describe its
limits and propose a technical strategy to overcome these.

Herein we report on a tailored optical read-out technology for dynamic behavior in 3D-tissue
models based on variations in their speckle patterns (called “Contraction Reader” from here
on). We will describe the basic layout of the technology and the specifications of our particular
functional model designed as device with a small footprint to allow its integration in standard
incubators and cell culture robots. A low susceptibility for interferences and misalignment is in
particular important for a later integration into automated screening workflows. It was shown
that the technology worked well on different multi-well-plate formats up to 384 wells and with
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diverse bottom geometries. The model application will be the important read-out of cardiac
contractions in free-floating 3D tissue models [22-24]. Experiments were performed in hanging
drop culture, as it is a typical environment for freely floating organoids [25-26].

The Contraction Reader allows the non-contact and marker-free automated optical detection
of cardiac contractions in hanging drop / 3D microcarrier as well as 2D monolayer culture by
offering a reasonable read-out speed along with high sensitivity and specificity. In practice, the
read-out speed was always limited by the biology, i.e. the cardiac beating frequency.

The measurement principle makes use of the interference effects of coherent light diffracted
at structure of any size and position in the specimen. Such irregular diffraction patterns are
commonly called “Speckle-pattern” [27-29]. It appears in the form of a randomly arranged set
of grains on a dark background. Since a structural feature and its movement anywhere in the
specimen will influence the whole Speckle pattern. Any dynamic (e.g. cardiac contraction) will
alter the entire pattern and hence the amount of light which will be detected and monitored at
any site of the pattern. An important feature of the speckle technology is that any illuminated
structure in the 3D specimen will contribute to the 2D Speckle pattern. It is therefore possible to
assess a 3D sample at once without the need to screen along the optical axis. This drastically
speeds up the measurement and keeps the technical implementation simple.

We show that the optical read-out technology is suitable for long time monitoring and for drug
screening. The method is discussed and compared to other techniques, in particular calcium
imaging

The technologies employed in the Contraction Reader are integrated into a compact body,
enabling simple use operations, suitable for drug screenings, in order to evaluate the early
pathogenesis of cardiac cells and thereby establish a model that helps to develop and evaluate
novel drugs, assay development or cell-based kinetic assays.

2. Materials and methods

2.1. Cell culture

The human induced pluripotent stem cell (hiPSC) line RCi53 (reprogrammed at Censo Biotech-
nologies Ltd., Midlothian, UK) were cultured under feeder-free conditions on Matrigel (BD,
Heidelberg, Germany) in mTeSR medium (Stem cell technologies, Cologne, Germany) according
to the maintenance manual of STEMCELL technologies [30]. RCi53s were differentiated into
autonomously contracting three dimensional cell aggregates using a customized protocol based
on the protocol published by Zhang et al. [31]. In brief, hiPSCs were dissociated using TrypLE
(Thermo Fisher Scientific, Schwerte, Germany) to a single cell suspension. 5000 cells were
seeded in 40 pl hanging drops using Perfekta 3D hanging drop plates (3D Biomatrix via Sigma-
Aldrich, Schwerte, Germany) in the DO medium as can be seen in Fig. 1A. DO medium consist of
10 uM Y27632 (Sigma-Aldrich, Darmstadt, Germany), 1x Insulin-Transferrin-Selenium (ITS)
(BD, Heidelberg, Germany), 1x Penicillin Streptomycin (PenStrep)/Glutamine (Thermo Fisher
Scientific, Schwerte, Germany), 5 ng/ml Fibroblast growth factor 2 (FGF2) (Peprotech, Hamburg,
Germany), 2 ng/ml Bone Morphogenetic Protein 4 (BMP4) (R&D Systems, Minneapolis, USA),
1 uM aminopyrimidine derivative CHIR99021 (Axon Medchem, Groningen, The Netherlands) in
Knockout Dulbecco’s Modified Eagle Medium (DMEM) (Gibco via Thermo Fisher Scientific,
Schwerte, Germany). At day 1, 20 pl of the medium was exchanges to TS medium, consisting of
1x transferrin/selenite (TS), 1x lipid additive, 1x PenStrep/Glutamine. 100x TS stock solution
was prepared by dissolving 55 mg transferrin (Sigma-Aldrich, Darmstadt, Germany) in 100 ml
PBS containing 0.067 mg sodium selenite (Sigma-Aldrich, Darmstadt, Germany). On Day 2,
20 ul per drop was exchanged with the TS medium plus 0.1 pM Wingless/Integrated (WNT)
inhibitor (Tocris, Bristol, UK). On day 3, medium exchanges (20 ul) were performed with TS
medium plus 0.2 uM WNT inhibitor. From day 4 on, medium exchanges (20 ul) was done with
TS medium every 2-3 days. Cell aggregates were kept in hanging drops at all times.
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Fig. 1. (A) Side view of hanging drops with a volume of 40 ul in a specific 96 well plate,
(B) Microphotography of cardiomyocyte cell aggregates in a hanging drop, (C) Speckle
pattern of a cardio cell aggregate.

Using this protocol, first contractions were visible after 6 days. Speckle patterns have been
recorded with day 8 cardiac aggregates. A microscopy image of the cardiac cell aggregates and
the corresponding Speckle pattern are shown in Fig. 1B and Fig. 1C respectively.

2.2. Contraction reader functional model

A photographic and a schematic overview of the Contraction Reader device is shown respectively
in Fig. 2(A) and 2(B). The emission module is composed of a 5.6 mm compact and inexpensive
AlGalnP continuous wave (CW) laser diode emitting in the visible at a wavelength of 635 nm
and delivering up to 30 mW of maximum power. The intensity and size of the slightly divergent
laser beam is controlled by a motorized iris diaphragm with 7 mm maximal aperture.

The laser beam maximal intensity at the output of the emission module is 10 mW at maximal
aperture. A 0.15 numerical aperture (NA), 18.4 mm short focal length aspheric lens is used to
focus the laser beam to a spot size of 6-8 pm into the cardiac body in the hanging drop which can
be up to several hundred um in size (of about 200 um in the example shown in the Fig. 1(B)).
Such lens allows the generation of relatively large speckle grains and reduces aberrations of
the elliptical divergent laser beam. Thus, a specimen that large is not illuminated entirely in
this particular configuration. However, we found spatially confined contracting sites outside the
probing volume to be detectable in freely floating organoids. Nevertheless, in order to extend the
illuminated probing volume, the illumination can be tuned out of focus. This leads to a finer



Research Article Vol. 11, No. 2/1 February 2020/ Biomedical Optics Express 521 |

Biomedical Optics EXPRESS

Laser diode
635nm

Motorized diaphragm

Well plate .
Aspheric lens

Beamsplitter Speckle camera

g Laser line filter
635nm

Beamsplitter

- Visualization camera

Motorized diaphragm

Short pass filter
610 nm

Photodetector

Fig. 2. Contraction Reader device photography in its safety enclosure (A), schematic
overview of the different elements constituting the optical device (B), Intuitive user interface
for control, visualization and signal monitoring (C).

grained Speckle pattern, which still contains the information about specimen dynamics. The
emission module is mounted on a motorized linear stage to allow an accurate adjustment of the
focus of the laser beam in z for the control of an optimal speckle pattern and the corresponding
amount of light to be detected and monitored. Furthermore, manual mini translation stages
allows the adjustment in x and y.

The 96 hanging drops well plate is placed on a x, y motorized stage with a travel range of
120 x 80 mm, a repeatability < 1 um, an accuracy of +/- 3 um, a resolution of 0.01 pm. In
parallel, a 2-axes joystick allows rapid stage movement across the complete travel range while
also accurately positioning within microns.

For long term stable measurements and monitoring conditions, it is possible to integrate a
stage top incubator for multi-well plates in the centerpiece of the X, y motorized stage that fit
K-Frame Inserts, consisting of a heated plate with a heated glass bottom, and also a heated lid
that is designed to keep cells at 37°C and therefore prevent condensation effects in multi-well
plates. The glass top of the lid, the glass bottom of the plate and the plate itself are actively heat
controlled.

The detection unit includes three modules, 2 cameras for the visualization and control and
a photodetector for the monitoring of the signal as can be seen in the scheme (Fig. 2B). In the
first stage, the generated speckle pattern evoked above is reflected by a beamsplitter, filtered by
a 635 + 2 nm laser line filter and projected to a CMOS USB color camera (pixel size: 3.75 um
x 3.75 pum, resolution: 1280 X 960 pixels, frame rate: up to 60 fps), for the visualization and
monitoring of the fluctuations related to the cardiac contractions.

In the second stage, a second CMOS USB color camera (pixel size: 2.2 um x 2.2 um, resolution:
2592 x 1944 pixels, frame rate: up to 6 fps), allows the visualization of the wells position and
laser beam adjustment. The bottom of the well plate is illuminated by the use of a variable fiber



Research Article Vol. 11, No. 2/1 February 2020/ Biomedical Optics Express ~ 522 |

Biomedical Optics EXPRESS o~

cold light source, which is reflected by a beamsplitter to the camera passing before throw a
610 nm cut off short-pass filter.

The actual dynamic read-out is conducted at the third stage. The Speckle pattern evoked by
the tissue model’s internal structures is directed onto the front of a high sensitive amplified Si
switchable gain photodetector. Already a contraction dynamic in a minute part of the tissue model
leads to a significant alteration of the Speckle pattern on the screen while the overall intensity of
the pattern is approximately constant. Hence recording the intensity of the whole pattern will
hide the dynamic. To this end, the detector is mounted on an accurate x, y translation stage for
positioning optimization and as for the emission module, a motorized iris diaphragm cuts out a
certain fraction of the pattern that is transmitted to the detector. The signal becomes maximum
when the diaphragm aperture is on the scale of the speckle grains. A very beneficial feature of
Speckle patterns is that dynamics in a particular site of the illuminated volume lead to variations
of the entire pattern. Therefore, the position of the diaphragm aperture cannot be principally
wrong. A dislocation between aperture and pattern will alter the amplitude and the shape of the
contraction spikes, but not their repetition frequency. Even negative contraction spikes occur.
The contraction reader has been conceived to allow the measurement of cardiac cells with very
low contraction signals quasi imperceptible to the eye and with relative good signal to noise
ratio (SNR) which is defined as the ratio of signal power to the noise power (SNRyp = 10log
[(Asignai’Anoise )?]). To optimize signal detection recording, the amplified photodetector can detect
very weak signals by adjusting an eight- position rotary switch, which allows the user to vary the
gain in 10 decibel (dB) steps.

The software provides an easy to use interface as depicted in Fig. 2C. It allows the control of
the laser diode. It displays as explained above simultaneously in live the speckle pattern and the
bottom of the well plate with the visualization of up to 9 wells. The user can select the frame rate
and the video format as well as parameters such as brightness, contrast. .. The signal detected is
displayed on a waveform graph. Parameters such as time and voltage sensibility can be modified,
the signal can be recorded for short to long time measurements. The signal data can be saved as
a text file and exported in data analysis and graphics programs. The stage can directly be shifted
on the desired well by simply clicking on the mouse on the scheme representing the 96 wells.
Some sequences can also be programmed for an automatic positioning on a defined number
of wells, set up velocity and delay for each axis. The user controls the focus and the two iris
diaphragms as discussed above by the different gauges as shown on the left of the interface view.
The contraction frequency was calculated as the total time between the first and the last peak of a
complete or part of a curve divided by the number of peaks as well as its absolute error, which is
the difference between the mean value and the maximal and minimal value

The contraction reader is mounted on a vibration isolated platform, the complete unit dimensions
are 450 x 450 x 450 mm for a weight of 15 kg. Against eventual laser exposure, the Contraction
Reader is placed in a safety enclosure (600 x 600 x 600 mm) as can be noticed in Fig. 2A.

3. Results and discussion

A section of the contraction signal of a cardio cell cluster cultivated as explained above is depicted
in Fig. 3.

The average contraction frequencyis about 3.9 + 0.8 s. One can observe amplitude differences
from peak to peak due to the inherent motions of the specimen in the hanging drop. The period
between the contraction of peak 1 and peak 2 is 4.7 s. The period between peak 7 and 8 is 3.5
s. The signal to noise ratio (SNR) is about 20 dB. The relative amplitude as well as the SNR
are functions of the contraction strength of the cardio cell cluster. As already mentioned, the
best signals and SNR are obtained by cutting out an area of the speckle pattern in the order of
the Speckle grains by adjusting the diaphragm aperture accordingly. The size of these latters
depends on the focus position of the emission module accurately adjusted by the motorized linear
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Fig. 3. Monitored signal of the speckle pattern depicted in Fig. 1(C). The period of the
contractions is of 3.9 +0.8s with an SNR of about 20 dB.

stage. Figure 4 shows three patterns taken at —1 mm (Fig. 4A), + 1 mm (Fig. 4C) on either side of
the optimal focus positon (Fig. 4B) where the speckle pattern has the biggest grain sizes.

By adjusting the aperture of the both motorized iris diaphragms, the signal can be accurately
and slightly optimized by controlling the size of the laser beam and its intensity in the emission
module and speckle grain filtering as well as the amount of light to be detected in the detection
module. This optimization operation is quite easy, and intuitive to obtain a good signal with
high SNR relatively rapidly. Once this procedure is finished, it is very simple to recover directly
good signals when shifting the stage on the desired other wells of the 96 wells plate if the cardiac
aggregate is found to be centered at the bottom of the drop as expected. Minor adjustments of the
relative lateral positions of illumination beam, specimen and detection aperture usually help to
optimize the signal strength and shape. Since the specimens are freely floating (and rotating)
in the medium drop, the optimal beam and aperture positions are not necessarily conserved
during a measurement. These specimen motions are the origin of the significant amplitude and
shape variations of the contractions spikes during a measurement (see Fig. 3 and Fig. 5). Hence
amplitude is not a meaningful measure in this setup. Yet contraction frequency determination is
unaffected by specimen motions. We propose and simulate a technical advancement to overcome
these limitations and to make amplitude and shape of the contraction signals meaningful a little
further down in this paragraph.

The recording and signal monitoring of the contractions in a well is carried out in real time
without any image analysis algorithms. The temporal resolution of the technology is only limited
by the maximum read-out speed of the photodetector and oscilloscope (here, ~ 100 ns). The
practical time it takes to determine the contraction frequency is given by biology. The minimum
time is the period of the contraction, i.e. the time between two contractions. In general, the
researcher likes to have more statistical relevance. Therefore, a specimen will be investigated
for more than just two beatings. Also the maximum beating frequency seems to be limited by
biology: while the frequency increases, the duration of a contraction remains constant. Hence,
the maximum beating rate is limited by the contraction lapse time. A long beating trace of a
cell aggregate obtained from another iPSC line using the same differentiation protocol has been
recorded and results are depicted in Fig. 5.
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Fig. 4. Speckle patterns recorded at (A) —1 mm, (B) 0 mm (see Visualization 1), (C) +1 mm
defocusing. The Speckle grain size decreases significantly compared to sample-in-focus
conditions. Large grains lead to strong signals. However, if defocused detection is necessary,
e.g. for wider illumination areas, the signal can still be extracted from the finer patterns

Contractions have been recorded for 10 minutes as depicted in Fig. 5(A). A multitude of
detected peaks can be observed here. To distinguish and analyze the peaks, three parts of the
monitoring have been zoomed, at the beginning, from 0 to 60 s (Fig. 5(B)), at the middle, from
300 to 360 s (Fig. 5(C)), and at the end, from 540 to 600 s (Fig. 5(D)). At first sight, the peaks are
amply distinguishable and seem to be regular. Average beating periods have been measured for
the three different parts. The contractions period, as can be seen in Fig. 5(E) remains basically
constant at about 2.35 + 0.05 s. Measurements with good signal detection and reproducibility can
be performed on long time series with good stability and very few fluctuations if the temperature
is maintained at + 37°C. A non-constant temperature leads to considerable alterations of the
contraction frequency. After a certain time at ambient temperature cardiac contraction even
stopped. Therefore, temperature control is important in the case of long-term measurements when
adding compounds for drug screening for example to study the effect and impact on contraction
period as well as amplitude variation. Again, specimen motions may have played a role in the
variations of amplitude and shape here. The technical strategy to overcome these limitations due
to specimen motions is about using multiple detection apertures (or detector pixels). Summing
or averaging the readings of these “pixels” would lead to a constant, noisy background without
contraction spikes, since they average out each other. Hence, each pixel reading is processed first
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Fig. 5. 10 min time monitoring of the contractions of cell aggregates in hanging drop (A).
Zoom of the contractions signal from 0 to 60 s (B), from 300 to 360 s (C), and from 540 to
600 s (D). Average frequencies measured at 60, 360 and 600 s (E). The contractions period
stays almost constant at 2.35 +0.05 s. Note the variations in amplitude and shape. The
contraction spikes are partially negative.
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and then summed up. The processing consists of a differentiation step to separate the dynamic
part from any background and a subsequent rectifying step (e.g. modulus or square). The
results of the processing are ultimately summed up to yield a simple measure of contraction
dynamic, that is found to be widely reproducible and insensitive to specimen motions as long as
the major fraction of the speckle pattern is investigated. To our knowledge, such a detector array
with built-in data processing is not commercially available. So, we used the recorded videos
of Speckle patterns from the Speckle camera, subdivided it in 192 regions of interest (ROIs)
and processed the integrated intensity data of each ROI afterwards as described using Nikon
microscopy software. The resulting contraction traces simulates the proposed detector data and
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Fig. 6. Addition of Isoprenalin, a stimulant compound. Contractions were measured without
addition (A), the period of the contractions is 2 + 0.05 s and with addition (B), the period is
reduced to 0.9 + 0.05 s, the beating rhythm is faster.
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are found to be very consistent in amplitude and shape. As well, the contraction trace shape
clearly shows segments that may be associated to contraction and relaxation of the cardiac cycle.
We used this simulated technology in the investigation on applicability of different plate formats
as well as on the correlation to calcium spikes (see Fig. 8 and Fig. 9).

To evaluate the pertinence of the Contraction Reader technology for drug screening applications
and studies, an experiment has been performed by adding a stimulant compound: Isoprenalin.
This latter is a synthetic derivative of adrenaline, used mainly as bronchodilator and heart
stimulant for the treatment of bradycardia (slow heart rate), heart block, and rarely for asthma.
For this purpose, a 10 uM Isoprenalin solution has been prepared. 4 ul of the initial hanging
drop medium volume of 40 pl were removed and instead 4 pl of Isoprenalin were injected in the
drop. Thus, the total volume remains the same, 40 ul and the concentration of Isoprenalin in
the complete drop is of 1 uM. Recordings of the contractions were performed first without the
addition of Isoprenalin and second after addition of the Isoprenalin until a few minutes that the
solution mixes homogeneously and penetrates into the aggregate. Results are shown in Fig. 6(A)
and 6(B) respectively.

As can be observed, the frequency of contractions significantly increased after the addition of
Isoprenalin. Starting with an average period of 2 +0.05 s, the addition accelerates the contraction
to an average period of 0,9 +0.05 s. The amplitudes and the related alterations cannot be used
due to the inherent fluctuations from the freely floating specimen. The results shown here are
convincing and indicate that the Contraction Reader is suitable for drug screening.

Thanks to the potential of the Contraction Reader to monitor an extended 3D volume at once,
it is possible to detect and distinguish two unrelated frequencies of cardiac tissue models, arising
from separated contracting sites in the same specimen as presented in the Fig. 7. There is no
addition of stimulant compound as Isoprenalin in this example. It is possible to measure the
contraction frequencies of two different beating centers in the same cardiac cell aggregate at the
same time.
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Fig. 7. Data showing an overlay of two independent contraction traces (see arrows) with
two independent frequencies. This is due to two separated contracting sites within the same
cardiac tissue model.

In order to evaluate the versatility and flexibility of the Contraction Reader device, comparison
measurements have been performed on several plate formats and geometries. For this purpose,
recording of speckle patterns and contraction signals of the same cardio cells cluster has been
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performed using the described simulation technique of a detector array. The same aggregate
was transferred first in a 96 hanging drop well plate, then in a 384 hanging drop well plate,
following with a 96-V-bottom well plate, then in a 96-U-bottom well plate and finally in a LabBag
(innovative safety and inexpensive mini-lab in the form of a plastic bag for a closed, surface-based
cultivation of stem cells [32]. The results are depicted in Fig. 8. As can be observed, speckle
patterns and contraction signals were generated in all cell culture devices. Furthermore, the
contraction signals are in all cases detectable, recordable and comparable in quality, intensity and
sensitivity. The Contraction Reader is easily adaptable to 2D and 3D-tissue model screenings
using different culture environments.

96-HD-
wp

384-
HD-WP

96-V-
WP

96-U-
Wwp

LabBag
®

Fig. 8. Comparison measurements of contractions on several plate formats and geometries
in 2D and 3D tissue models. In a 96 and 384 hanging drop well plate, in a 96-V and -U
bottom well plate and in a LabBag.

Hereafter a comparison of the Contraction Reader with the calcium imaging technique has
been performed using commercial cardiomyocytes, Cor.4U (Axiogenesis, Cologne, Germany) in
addition to the hiPSC cell linies used in all the experiments presented in this paper so far. For
visualization of fluorescent images, the fluorescent dye fluo-4-AM (Thermo Fisher Scientific,
Schwerte, Germany) has been used as calcium indicator. 50 ug of Fluo-4-AM were dissolved
in 50 pl of DMSO with 20% Pluronic F127 (Sigma-Aldrich, Darmstadt, Germany). Caution is
advised not expose the dye solution too much to the light. To obtain a 10 uM solution, 50 pl
of the mixture were mixed with 4.508 ml of appropriate cell culture medium. Subsequently, a
96-well microtiter plate with spheroids was taken from the incubator and 80 pl of the medium
were removed with a multichannel pipette. Next, 80 ul of the medium with dye were added
to the cells and the multiwell plate is incubated for one hour in the incubator at 37 °C and 5%
CO,. After the lapse of time, 80 pl of the medium were removed again and the specimen were



Research Article Vol. 11, No. 2/1 February 2020/ Biomedical Optics Express 529 |

Biomedical Optics EXPRESS AS

washed twice with fresh medium without dye. Then the microtiter plate was incubated again for
20 minutes at 37 ° C and 5% CO,. At least, 1 uM of Isoprenalin was added in the spheroids to
compare both systems in the conditions of drug screening.

The fluorescence images were taken on a SMZ25 stereomicroscope (Nikon, Tokyo, Japan).
The sample was illuminated from below with a fluorescent lamp with the excitation spectrum of
the dye (494 nm). The dye emits light at a wavelength of 506 nm. The videos were recorded with
a camera. The contraction rate of Cor.4U spheroids was determined from the calcium signals.
The microtiter plate was then immediately transferred afterwards to the Contraction Reader and
the speckle patterns and contractions recorded. Both units use a heating chamber to control
the temperature of the spheroids. A 30 s signal has been recorded several times in both case.
Figure 9 shows the direct comparison of the fluorescence measurement and the speckle dynamics.
Speckle dynamics have been again recorded by the simulated detector array technique.

The peaks of the Contraction Reader show distinctly separate movements. The calcium
measurement shows the rapid influx of Ca?* associated with fluorescence and the subsequent
relaxation of the signal. The average contraction rate is of 1,19+ 0,05 s and 1,17 0,05 s for
the calcium imaging and for the Contraction Reader respectively. The measurements are quasi
similar.
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Fig. 9. Comparison of the contraction signal measured by Calcium Imaging (A) and by
the Contraction Reader (B). Both traces were recorded on the same specimen, but not
simultaneouisly.

As already mentioned, there are a number of methods of analysis for toxicological effects.
These differ however strongly in their application. MEAs and the patch clamp technique are not
suitable for 3D cultures and provide only electrophysiological data. They are therefore difficult
to compare with the Contraction Reader. Better comparable techniques are video microscopy
and calcium imaging. Both techniques use a video recording. However, microscopes have the
disadvantage that the optics are very complex and thus difficult to parallelize. In addition, a
correct focus of the sample is very important. In comparison, the technique of the Contraction
Reader is very simple, accurate focusing of the sample is not important. Video microscopy has
advantages only in the measurement of cells and the determination of motion vectors. Calcium
Imaging is a widely used and established technique for visualizing free Ca>* in cells. Since
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Ca’* is involved as a messenger in many cellular processes, the technique can also be used
in many ways. Among other things, calcium plays an important role in the contraction of
cardiomyocytes [33]. Calcium imaging is probably the most widely used technique for the study
of cardio-toxicological effects. A large number of cardio-toxicological substances have already
been tested with the existing automated systems [34]. Although this technique is preferred for 2D
cultures, but 3D spheroids can also be analyzed. Calcium imaging uses a fluorescent dye that can
bind to free calcium in the cells and make calcium currents visible in fluorescence contractions
[35].

With the Contraction Reader, no information about ion currents can be measured, but it shows
the dynamics of movement. As shown in Fig. 9, the peaks show the contraction (first peak), the
relaxation (second peak) and the duration of the complete movement. The calcium signal contains
no direct information about the actual movement. Since the calcium influx is directly coupled
with the contraction, the contraction rate can be determined by the calcium peaks. However, there
are diseases and substances that decouple calcium flow from mechanical movement (Huebsch
et al., 2015). A parallel measurement of the two techniques would be very interesting. This
would allow the movement phases to be directly linked to the calcium signal. A comparable
experiment in 2D was already done using standard video microscopy and calcium imaging [35].
Even with the Contraction Reader such comparisons would be possible. The Fluo-4-AM dye
used should remain largely unaffected by the measurement on the Contraction Reader. The
excitation wavelength of Fluo-4 (494 nm) does not coincide with the wavelength of the laser
(635 nm) used in the Contraction Reader. Since the effects of many substances in 2D and to a
lesser extent in 3D cultures were investigated with calcium imaging [34], supplementing calcium
signals with movement patterns would be very interesting.

In direct comparison, calcium imaging has the advantage of collecting information on calcium
influx. However, this advantage also includes some disadvantages. By using a dye, the application
is highly invasive and due to the stability of the dye also not suitable for long-term experiments.
In addition, as already mentioned, no information is provided about the actual movement of the
contraction. Furthermore, the measurement in the Contraction Reader is much easier to perform
and requires no preparation time or expensive dyes.

4. Conclusion

In summary, we presented a novel optical device developed for the monitoring of dynamic
behavior in 3D-tissue models based on variations in their Speckle patterns. The results presented
point out the benefit of the technology in term of detection, accuracy, sensitivity and a reasonable
read-out speed as well as reproducibility of the measurements and recordings regarding periods
and amplitudes of cardiac contractions in time.

In principle, it would be possible to operate many channels in parallel in order to speed up the
screening of multiwell-plates by illuminating every well by multiplying the number of mini laser
diodes or using a fiber bundle technology as well as multi mini detectors or a complete special
sensor to improve the detection in term of stability and accuracy. Each signal could be monitored
in parallel. For many semi-automated screening workflows using tissue models or organoids and
a dynamic read-out, such a technology could close the automation gap.

As demonstrated in the different results as well as compared to calcium imaging, the Contraction
Reader is suitable for long time monitoring and for drug screening setups, which are of major
interest for the pharmaceutical industry as well as for all forms of cardiac studies and researches.
The Contraction Reader could be easily integrate in all sort of cell culture robots for the automated
cultivation of cells as for example a TECAN Evo200 platform (Tecan, Médnnedorf, Switzerland),
or a CompacTSelecT system (TAP/Satorius, Royston, UK).

We have shown that the Contraction Reader is also easily adaptable to 2D and 3D-tissue
models screenings using different culture environments and cell culture multiwell plates.
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Furthermore, our studies indicate that the Contraction Reader could be suitable for all forms of
researches on transparent organisms regarding the detection of the heart beating in drosophila
animals as well as of various types of rhythmic movements such as respiration, chewing and
locomotion for their survival.
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